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Abstract

The purpose of this paper is to investigate both theoretically and experimentally how nanocavities are replicated in the
injection moulding manufacturing process. The objective is to obtain a methodology for efficiently replicate nanocavities.

From the theoretical point of view, simulations are carried out using a submodeling approach combining Solidworks
Plastics for a first macrosimulation and Fluent solver for a subsequent nanosimulation. The effect of the four main
factors (melt temperature, mould temperature, filling time and cavity geometry) are quantified using an statistical 24

factorial experiment. It is found that the main effects are the cavity length, the mould temperature and the polymer
temperature, with standardized effects of 5, 3 and 2.6, respectively. Filling time has a negative 1.3 standardized effect.

From the experimental point of view, Focused Ion Beam technique is used for mechanizing nanocavities in a steel
mould. The replication achieved in polycarbonate injection is quantified using an Atomic Force Microscope. It is
observed how both the geometry and the position of the cavities in the mould affect its replication.
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1. Introduction 1

The demand of products with nanostructured surfaces
is increasing due to the wide field of applications. The ap-
plications cover the medical and pharmaceutical industry
with lab-on-chips devices (Oh [1]) and surfaces with self-
cleaning (Yoo [2]) and antimicrobial surfaces (Kim [3]);
environment applications to purificate water (Baruah [4])
and air and to remediate the soil; optical applications
for achieving antireflection (Christiansen [5]), transmission
and contrast enhancements, etc.

Injection moulding is a manufacturing process with a
high cost of entry but a low production cost (Fagade [6]).
Therefore, it is a promising process for obtaining large
series of plastic parts with nanostructured surfaces. How-
ever, achieving a good replication is not trivial because
the obtained replication index depends on many factors,
among them process factors (mould and polymer tempera-
tures, filling time, holding pressures, viscosity of the poly-
mer, etc.) and geometrical factors (depth, wide, aspect
ratio of the cavity, etc.). The purpose of this paper is to
give light on how -and how much- these factors affect the

1Abbreviations: AFM=Atomic Force Microscope.
CFD=Computational Fluid Dynamics. FIB=Focused Ion Beam.
SEM=Scanning Electron Microscopy. VOF=Volume of Fluid.

replication and, hence, avoid failures like the one showed
in the figure 1, where we show how a nanocavity was not
successfully replicated by the polymer.

Figure 1: AFM measurement of a failed attempt to fill a nanocavity.
Even though the cavity is 900nm depth, the polymer penetrates only
50nm. The reason is that, due to the big area/volume ratio of the
nanoworld, the polymer reaches its no flow temperature far before
reaching the end of the cavity. This paper aims to give light into
how the process and geometrical parameters should be adjusted in
order to improve the replication.
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The study is done both from a theoretical point of view
using computer fluid dynamics but also from an experi-
mental point of view.

2. Material and methods

This section is divided in two subsections, the first one
referring to the simulation setup (subsection 2.1) and the
second one related to the experimental setup (subsection
2.2).

2.1. Simulation setup
When speaking about simulation of fluids dynamics at

the nanoscale, the first question that arises is whether the
continuum fluid approach is valid for such scale or not.
The small cavities we simulate and experimentally fill with
polymer are of around 2µm · 10µm · 200nm = 4 · 10−18m3,
using the polycarbonate density (1200kg/m3) and its mo-
lar mass (254.3g/mol) we calculate that each cavity is filled
with around 4 · 1011 polycarbonate units. Because of this
elevated number of polycarbonate units in each cell and
because the filled cavities are larger than 10 molecular di-
ameters, which is, according to the literature (Eijkel [7]),
the threshold where deviations from the classical contin-
uum theory are observed due to the quantisation of molec-
ular layers, the continuum approach is considered valid
for this application. In consequence, the following calcu-
lations are carried using the conventional Computational
Fluid Dynamics approach and the Finite Volume Method
for discretizing the Navier-Stokes equations.

The first problem that arises when aiming to simulate
how a polymer flows and fills a mould with a nanostruc-
tured pattern is the meshing problem. Meshing the whole
mould with a nanoscale mesh would lead to a computa-
tionally unaffordable calculation, as a fast exercise: a part
of (50 · 50 · 3)mm3 meshed with hexahedral mesh of 1mm
has up to 7500 elements and its calculation takes in a per-
sonal computer (Intel(R) Core(TM) i5-3320M CPU @ 2.60
GHz) around 600s. If the model is meshed with quadrilat-
eral elements of 1nm per vertex we have instead of 7500
elements up to 7.5 · 1030 elements, what leads to a cal-
culation time of 1.9 · 1022 years without even taking into
account the time step reduction necessary for maintain-
ing the Courant number below a reasonable margin. And,
apart from the time problem, no computer has enough
memory for handling this huge amount of elements. A
logical solution to this problem seems to be to refine the
mesh around the cavities, but this leads to unphysical re-
sults due to the too big ratio of scales as already stated in
the literature (Tofteberg, [8], Yu [9]). We worked around
this problem by using a submodeling approach.

The submodeling approach –multiscale simulation ac-
cording to some authors- consists in carrying out two sim-
ulations consecutively. The first is a macro simulation
carried out using Solidworks Plastics and the second is
a nanoscale simulation carried out using CFD. In order

to link the two simulations, the boundary conditions are
transferred from the first to the second simulation:

1. Macro simulation first stage: A first conventional
simulation of mould filling is carried out in the ge-
ometry shown in the figure 2. The simulations are
done in this geometry because it is the geometry that
was used for manufacturing the mould used for the
Experimental results section.

Figure 2: CAD model used for the macro simulation first stage and
corresponding to the part manufactured using injection moulding as
exposed in the Experimental setup section.

In the first stage it is considered that the fluid goes
through the cavity without noticing its presence (see
figure 3). The reason is that the mark is so small
that the polymer goes through it with around 0.15ms
for a normal injection. From this macro simulation
we extract the pressure profile and the melt front
temperature of the polymer when it contacts for the
first time the cavity. Furthermore, due to the small
size of the nanocavity it is also considered that the
cavity presence does not affect the bulk flow.

Figure 3: Macro simulation, the graduates tones in blue indicate the
polymer advance. It is considered that the fluid goes through the
cavity without noticing its presence.

2. Nano simulation: Once the polymer has gone through
the mark, the pressure starts pushing the polymer
into the mark (see figure 4). This stage gets to an end
when the polymer solidifies due to the heat transfer
with the walls.
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Figure 4: Nano simulation, the graduated tones in blue indicate
the polymer advancing into the nanocavity until it reaches the glass
transition temperature. The boundary conditions are indicated.

The nanosimulation is stopped when the polymer reaches
its glass transition temperature (Tg) in all the region inside
the cavity.

Next, we expose the nanosimulation setup:

2.1.1. Models
The models used are the volume of fluid model, the

energy and the solidification/melting model.
The VOFmethod tracks the interface evolution with an

Eulerian approach, i.e., without modifying the mesh dur-
ing the calculation. The explicit approach is used in order
to activate the Geometric Reconstruction scheme and ob-
tain hence a sharper interface. Laminar flow is considered
due to the low Reynolds number.

The energy model is used with the purpose to account
for the heat transfer between the polymer and the walls.

The solidification and melting model is used in order to
model the solidification of the fluid due to the heat transfer
with the walls.

2.1.2. Mesh
A nearly structured quadrilateral mesh of 70000 ele-

ments is used.

2.1.3. Materials
Three materials are involved in the simulation: poly-

mer, air and steel:

• Polymer:

– Density=1200kg/m3. Density dependance of
the fluid with the temperature and pressure is
not taken into account for simplification pur-
poses. When considering the error introduced
by making this simplification, we identify in the
PVT diagram that, if the density is taken as the
average between the initial and the final condi-
tions, the introduced error is less than a 5%.

– Viscosity
The viscosity of the polymer is modeled us-
ing the Cross-WLF model. The Cross-WLF
models the dependance of the polymer with the
temperature (viscosity inversely proportional to
temperature) and with the shear rate (viscosity
inversely proportional to shear rate). For the
polycarbonate, the viscosity vs. shear rate for
different temperatures is shown in the figure 5.

Figure 5: Cross-WLF model for modeling viscosity as a function of
temperature and shear rate for polycarbonate.

The equations modeling the Cross-WLF are:

η(T, γ̇) = η0(T )

1 + η0(T )γ̇
τ∗

(1)

η0(T ) = D1e

−A1(T −D2)
A2 + (T −D2) (2)

Where η is the melt viscosity of the polymer,
η0 is the zero shear viscosity or the Newtonian
limit in which the viscosity approaches a con-
stant at very low shear rates, γ̇ the shear rate, T
is the temperature of the polymer, A1, A2, D1,
D2, n and τ∗ are constants of the table 1 (Os-
swald [11]). A1, A2, D1 and D2 are data-fitted
coefficients, n is the power law index in the high
shear rate regime, determined by curve fitting
and τ∗ is the critical stress level at the tran-
sition to shear thinning, determined by curve
fitting.

Table 1: Cross-WLF constants for PC
Constant Value Unit
A1 8.4 -
A2 246.8 K
D1 462 Pa s
D2 573 Pa s
τ∗ 8437056 Pa
n 0.116 -

– Heat capacity=1700J/kg/K
– Thermal conductivity=0.173W/m/K
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– Pure solvent melting heat=105KJ/kg
– Solidus and Liquidus Temperature=420K

• Air

– Incompressible air approach is used.
– Viscosity.

The viscosity of the air is artificially increased
to 0.1Pa · s instead of its value of 1.8·10−5Pa · s,
the reason is that high ratio of viscosity between
phases leads to divergences. This strategy is
also used by Tofteberg [8].

• Steel. Although in the experimental part a diamond-
like carbon coating is used, the thickness of the coat-
ing is insignificant and, hence, not taken into account
in the simulation parameters.

2.1.4. Boundary conditions
• Inlet: A transient pressure inlet is used via a Profile

function. The profile is extracted from the macro
simulation in the node where the nanocavity is. Due
to the small size of the nanocavity, the pressure pro-
file is considered constant through all the inlet.

• Walls: No shear rate wall is used. Reason is that us-
ing no-slip boundary condition the simulation leads
to unphysical results due to the contact line disconti-
nuity of the Navier-Stokes equation, what is already
reported in the literature (Gal [12]) and specifically
for flows at the nanometre scale (Eijkel [7]). Apart
from the theory, Kuhn [13] publishes AFM sections
of different short shots at different mold tempera-
tures of molded v-grooves and it is clearly seen that
the contact line went into the grooves, hence, slip-
ping through the wall.

Figure 6: Different approaches for fluid velocity at the wall. A perfect
slip approach was used for the walls in order to avoid the unphysical
results due to the contact line discontinuity of the Navier-Stokes
equation.

• Outlet: 1bar absolute pressure outlet is used. This
approach means that the compression of the gas due
to the trapping of the air is not taken into account, if
the air pressure is calculated using ideal gas law we

obtain P = P0/(1−x/L), where x is the filled depth
of the cavity and L the total depth of the cavity.
This equation, once plotted is shown in figure 7.

Figure 7: Pressure that would be generated inside the cavity due to
compression of the air (blue) and 1 bar pressure considered in the
simulations with pressure outlet boundary condition (green).

It is observed that our approach has an error mi-
nor than 10% if the cavity is filled less than its 10%.
When more than this percentage is filled, the simu-
lation will overestimate the filling of the cavity, be-
cause the calculation would not take into account the
opposition done by the air.
Future work will be the implementation of a com-
pressible air material and the consideration of a real
wall instead of a pressure outlet. From an industrial
point of view, since air trap is an effecting factor,
injection mould vents should be considered in the
design of the mould. Another way to vent a mould
is the use of a mould vacuum. This is a very expen-
sive option; however, sometimes it is the only option.
This is achieved by sealing all parts of the mould
cavity by the use of an O-ring. Once the mould is
closed, all of the air is drawn out of the cavity before
or at the same time the injection phase of the injec-
tion moulding cycle is started. With no air present
in the cavity, a perfect condition has been created
for trouble-free filling of the cavity (Toth Mold/Die
Inc.).

• Symmetry: Symmetry is used in order to take into
account that there is more fluid at the left and the
right of the computationally domain of where we put
the fluid (see figure 4). The symmetry boundary con-
dition states zero normal velocity at the symmetry
line and zero normal gradients of all variables at the
symmetry line.

2.1.5. Initial conditions
The lower region is patched with a VOF = 1 of poly-

mer, upper region is patched to be air at the same tem-
perature of the walls. Reason for setting the pressure inlet
away of the cavity beginning is to take into account the
pressure loss of the polymer when getting into the cavity
(Tofteberg [8]).

Initially, zero velocity at all the model is considered.
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2.1.6. Design of experiments
A four factors and two levels factorial experiment is

carried out. The temperature of the melt, the temper-
ature of the mould and the filling time are process fac-
tors, wherease cavity length is a size factor. The levels are
shown in table 2.

Table 2: Factorial design
Factor Low value High value
Tmelt 250oC 310oC
Tmould 70oC 100oC
Filling time 1s 3s
Cavity length (L) 1000nm 2000nm

It is important to state that the filling time determines
the needed injection pressure. If the injection time to fill
the cavity is small, it must have high injection speed, there-
fore, must have very high pressure. When the injection
time is very long, the melt temperature decreases, vis-
cosity increases, thus it increases the difficulty to fill and
requires high injection pressure. There is a lowest point
in the middle of the curve and this point is the best filling
time which is corresponding to the lowest injection pres-
sure (Fallis [14]). For the used filling times of 1s and 3s we
see that 1s needs more injection pressure than 3s, so the
3s value is already at the left of the minimum filling time.

Concerning to the cavity length, a low level of 1000nm
is used because even with this length, the injections with
the low level of mould temperatures and the high level of
filling time lead to a zero replication.

For the simulations, a maximum injection pressure of
134MPa is set, which is the maximum injection pressure
of the Babyplast 6/10p with a 14mm screw that IQS Uni-
versity has.

2.2. Experimental setup
A mould was specifically designed in order to explore

different parameters on the plastic injection process, and
facilitate the ulterior characterization of both, the mould
and the injected plastic parts, by AFM and SEM. In the
mould, specific micro/nano scale patterns have been fab-
ricated with the goal of comparing the replication of such
marks in the plastic parts with simulations described in
the previous section. Next, we present a detailed descrip-
tion of the analysis performed on the mould and the plastic
injection pieces.

2.2.1. Design and fabrication of mould
The mould was designed and fabricated in such a way

that: (i) the mould can be easily disassembled, (ii) the
surfaces in contact with the injected plastic are flat and
can be measured with a commercial AFM instrument (in
our case a Bruker ICON) and (iii) plastic can be injected
with radial flow.

Mould was machined using coated carbide tools from
modified AISI 420 steel named Mirrax 40 (by Uddeholm).

Figure 8: Mould after DLC coating: (a) picture, (b) image of a
transversal section using FIB.

This steel is a pre-hardened (40HRC) re-melted stainless
tool steel (composition: C 0.21%, Si 0.9%, Mn 0.45%, Cr
13.5%, Mo 0.2%, Ni 0.6%, V 0.25%). The mould was
then hardened (1020oC), 30 minutes, gas quenched) and
tempered (450oC, 2h) to a hardness value of 52HRC.

Once the mould was fabricated, the critical surfaces
were polished to optical quality finish. Upon polishing,
the roughness decreased from approximately Sq = 17nm
to Sq = 3.5nm, as determined by AFM. This process was
carried out using vibrational hand tools following several
steps: (i) grinding stone 320-600 (ii) paper 500 (iii) acryl
cloth, diamond fluid 15µm (iv) felt cloth, diamond fluid
3µm (v) cotton cloth, diamond fluid 1µm.

2.2.2. DLC coating of Mould
Moulds are usually coated in order to increase their

durability and achieve longer lifetimes while reducing main-
tenance and operational costs. The polished mould was
coated at Flubetech with a Diamond Like Carbon [DLC]
layer at 170oC using a CemeCon CC800/9 magnetron sput-
tering Physical Vapour Deposition (PVD) unit from Cr
and graphite targets. The overall coating thickness is
4.75µm consisting of a gradient adhesion multilayer (Cr+
CrN + CrCN + CrC) plus a final amorphous carbon (a-
C) layer of 1.8µm, which exhibits a hydrogen content of
approx. 18 %. The morphology and roughness of the
surfaces were determined with SEM and AFM. The re-
sulting Sq value (≈ 8nm) is larger as compared to the un-
coated surfaces (≈ 3.5nm). In addition, the microhardness
was determined (3000 HV), using a Fischerscope H100 dy-
namic microprobe apparatus with a conventional Vickers
indenter (load of 10mN).

2.2.3. FIB marks on mould
Once the mould was characterized after the DLC coat-

ing, different shapes were designed for patterning the sur-
face of the mould by FIB milling. The idea behind this
is to extract information about how different variables like
roughness, orientation of the patterns, size, shape, etc. can
affect and determine the pattern-transfer to the final piece
in the injection process. The designed patterns (crosses,
rectangles and triangles) are shown in the figure 9. The
chosen selection was then placed at different distances from
the center of the mould. In this way, apart from the effect
of the size and shape, we can extract information about
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Figure 9: Designed FIB marks and their position for mould (not to
scale). The diameter of the piece is 50 mm and the dimensions of
patterns G and P are: A = 4µm, B = 20µm and A = 2µm and
B = 10µm, respectively.

Figure 10: SEM images of the FIB patterns on mould, as described
in figure 9.

how does the fluid flow-velocity affect the pattern trans-
fer, an issue of great relevance in the injection process. A
depth of 1µm was initially selected for all the marks, which
was achieved with a 60.000µAs/cm2 dose determined from
previous calibration tests on analogous DLC coatings on
test samples of the same stainless steel. SEM images of
the patterns on the mould at different locations, as indi-
cated in figure 9, are shown in figure 10. The depth of
these marks was 875 ± 25nm as determined by AFM.

2.3. Plastic injection using mould
Microinjection moulding was performed using trans-

parent polycarbonate (PC SABIC R© LEXAN Resin 133R).
Injection was performed in a Babyplast 610P plastic injec-
tion machine at a mould temperature of 90oC and injection
pressure of 50bar with the channel at 280oC. The pressure
was hold for 3 seconds in a first step and another 4 seconds
for a second pressure of 70bar.

3. Results and discussion

This section is divided in two subsections: one for the
simulation results (subsection 3.1) and another one for the
experimental results (subsection 3.2).

3.1. Simulation results
The replicated height (H) for each simulation is mea-

sured as the height reached by the polymer at the center
of the cavity when all the fluid inside the cavity is below
its glass transition temperature, as it is shown in figure 11.
It must be pointed out that some authors (Rytka [15] or
Mannella [16]) consider that the polymer stops its move-
ment not when its temperature is below the glass transi-
tion temperature but when is below its no flow tempera-
ture (NFT). The NFT does not have a standard method
for measuring it and is considered a not well defined value.
A common rule of thumb is to consider NFT = Tg +30oC.
If we used this approach, all the heights would be slightly
smaller.

The results for all the simulations are summarized in
the table 3.

The analysis of this 24 factorial experiment leads to
the Pareto diagram of figure 12. The effects are sorted
from most significant to least significant and the length of
each bar is proportional to the standardized effect, which
equals the magnitude of the t-statistic that would be used
to test the statistical significance of that effect. A vertical
line is drawn at the location of the 0.05 critical value for
Student’s t. Any bars that extend to the right of that line
indicate effects that are statistically significant at the 5%
significance level.

The principal effects diagram is shown in figure 13. The
effects’ results are summarized in table 4:

The factor with the biggest effect is the geometry of the
mark. It is broadly shown in the literature that cavities
with small aspect ratio are more difficult to fill, reason
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Figure 11: Image of the simulation with Tmelt = 250oC, Tmould =
70oC, fillingtime = 2s and cavity length is 2000 nm. The H measure
is taken at the first time step where all the fluid inside the cavity is
already below its glass transition temperature. Notice that the fluid
progresion is smaller in the vicinity of the walls than in the center of
the feature.

Figure 12: Pareto diagram. It is observed that the more representa-
tive factors are the cavity length and the mould temperature.

Figure 13: Principal effects diagram. It is seen that both the tem-
peratures and the cavity length have a positive effect, in contrast to
the filling time negative effect. The cavity length is the factor with
a major impact in the cavities replication.

Table 3: Series of simulations
Tmelt/oC Tmould/oC t/s L/nm H/nm

1 250 70 1 1000 5.0
2 310 70 1 1000 5.0
3 250 100 1 1000 55.0
4 310 100 1 1000 55.0
5 250 70 3 1000 0.0
6 310 70 3 1000 0.0
7 250 100 3 1000 55.0
8 310 100 3 1000 55.0
9 250 70 1 2000 170.0
10 310 70 1 2000 420.0
11 250 100 1 2000 412.3
12 310 100 1 2000 1500.0
13 250 70 3 2000 131.5
14 310 70 3 2000 308.3
15 250 100 3 2000 350.7
16 310 100 3 2000 762.5

Table 4: Effects table for the replicated height
Effect Approximated
Average 267.8
A:Tmelt 240.8
B:Tmould 275.7
C:Filling time -119.9
D:Cavity length 478.2
AB 134.1
AC -93.6
AD 240.8
BC -79.9
BD 223.2
CD -117.4

is the surface-to-volume ratio leads to an increase of the
heat transfer and, hence, to the faster solidification of the
polymer (Piotter[17], Chen [18]).

We see that both the temperature of the mould and
the temperature of the melt are factors that help similarly
the replication of the marks. This is a logic result since
the marks are copied until the polymer reaches the glass
transition temperature, hence, the bigger the mould and
melt temperatures, the bigger the time the polymer has to
go into the mark before reaching its glass transition tem-
perature. Besides that, the bigger the temperature, the
less viscous the polymer is and the easier it goes into the
marks. This results are in accordance with experimental
works carried out by Kari Mönkkönen [19], Tofteberg and
Andreassen [8], Chen [18] and Sha [20]. From an indus-
trial point of view, an increase of these temperatures lead
to a more expensive process due to (i) more time is needed
for cooling the injected part to the ejection temperature
and (ii) the larger energy consumption needed for warm-
ing both the mould and the polymer. Concerning to the
range where the mould and wall temperatures should be

8



modified, Stormonth [21] comments that the changes in
the mould and wall temperature has a bigger effect when
set around the optimal temperatures suggested when using
conventional injection moulding.

Hattori [22] shows an interesting experimental approach
consisting in using a thin-film heater used for heating the
mould surface in the nanostructured region, this, in con-
cordance with our simulation results, leads to an improve-
ment of the cavities replication. Rytka [15] concluces that
variothermal injection moulding can replicate with high
accuracy high aspect ratio microstructures when combi-
nated with a polymer of low melt viscosity.

Related to the filling time, it is seen that the increase
of the filling time leads to a fewer replication of the mark,
if we look at the pressure profile of the cavities we obtain
the plot of the figure 14.

Figure 14: Filling time vs. pressure, data from the macrosimulation.
It is observed that, even though the 3s filling time leads to a bigger
pressure at advanced times, the 1s filling time leads to a bigger pres-
sure in the beginning of the injection, when the polymer is still fluid.
This is the reason for the negative effect of the filling time factor.

We see clearly that with larger filling times, the pres-
sure that reaches the cavitiy during the time before freez-
ing (which is for all the polymers fewer than the 0.692s)
decreases. The positive effect of the pressure in the replica-
tion has already been addressed in the literature by Chen
[18] and Pranov [23]. From an industrial point of view it
is concluded therefore, that for improving the replication
of cavities larger injection pressures are needed, which are
obtained only with injection machines with large hydraulic
pressures available.

Related to the effect of the holding pressure, from a
fluid dynamics point of view, the holding pressure has no
influence in the cavities replication. Reason is that the
holding pressure is applied after the filling stage, and by
then, the polymer is already a solid inside the cavities due
to the large surface-to-volume ratio. However, divergences
are found in the literature when reading experimental pa-
pers. Sha [20] shows experimentally that the holding pres-
sure could slightly help to improve the replication, how-
ever, for PP and ABS a decrease of the filling length of

microcavities was observed. Tofteberg [24] experimentally
shows that the holding pressure is an effecting factor, like
Sha [20] work, Tofteberg experiments show that sometimes
the holding pressure has a positive effect and in other ex-
periments has a negative effect. Chen [18] experimentally
studied the effect of the holding pressure and shows a pos-
itive effect of the holding pressure in the depth of the mi-
crochannel and a negative effect of the holding pressure
in the width of the microchannel, though of less impor-
tance than other factors like the mould temperature, the
melt temperature and the filling time. Rytka ([15] carried
out experiments using compression moulding and found no
influence on the replicated structure height using an ad-
ditional compression stroke, reason is, according to their
publication, a rapid formation of a frozen polymer layer
due to fast cooling upon contact with the mould, this
frozen layer prevents further filling of the micro-cavities
in the mould during the compression phase. Rytka ex-
poses [10] that the packing phase is less relevant for mould
temperatures below the no-flow temperature, because the
polymer in the cavity has cooled down below the no flow
temperature after about 0.5 s, what prevents further filling
of the cavity once in the packing phase.

An important success of our model is that we don’t
tune the heat transfer coefficient like the simulation ap-
proaches of Tofteberg [8], Gang [25] or Rytka [10]. In-
stead, we let the CFD solver calculate the fluid-side heat
transfer based on the local flow-field conditions (e.g., tur-
bulence level, temperature, and velocity profiles), using
the following equation in a laminar flow:

q = kf

(
∂T

∂n

)
wall

(3)

where n is the local coordinate normal to the wall and
kf the thermal conductivity of the fluid.

3.2. Experimental results
The patterns on the injected pieces have been charac-

terized by AFM. The results are shown in figures 15 and
16 for positions G2 and P2 (center of the mould), respec-
tively. The marks placed close to the central hole (G3
and P3) disappear during the removal of the perpendicu-
lar stick. The marks placed far from the injection point
(G1 and P3) are not much replicated, the reason is that
these cavities reach smaller pressures and, as proved in the
simulations, the pressure is a factor with a positive effect.

The most striking observation is the few replication of
the cavities, the injected patterns exhibit heights below
100 nm, far from the 900 nm depth from the (negative)
mould part.

It is observed that the polymer reaches a larger depth
when the marks are bigger (G2 compared to P2). This
is a result in good correlation with the simulation results,
where it was stated that the cavity length is a factor with
a positive effect.

It is observed in the AFM measurements, that the
shape and the depth reached by the polymer in the cross
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Figure 15: AFM images of the transferred patterns placed at the
centre of the mould (G2) and corresponding cross sections.

Figure 16: AFM images of the transferred patterns placed at the
centre of the mould (P2) and corresponding cross sections.

shaped cavities is the same for both directions: parallel
and perpendicular to the polymer flow. This experimental
observation reinforces the two stages approach used in the
simulation part.

4. Conclusions

It is concluded that the submodeling approach is a valid
approach for simulating how nanocavities are filled in the
injection moulding manufacturing process. Using the de-
sign of experiments of the table 3 the main effects are
quantified as shown in the Pareto diagram of the figure
12. It is concluded that the cavity length, the temper-
ature of the mould and the temperature of the polymer
are positive effects with 5, 3 and 2.6 standardized effects

values. On the contrary, the filling time is a factor with a
negative standardized effect of -1.3.

Concerning to the experimental part, it is concluded
that the FIB technique is able to manufacture cavities at
the nanoscale whose measuring using an AFM gives light
in understanding how the polymer flows into the marks.
Replication of the marks far from the injection point is
poor due to the smaller pressure reached in this area, which
is a result in good correlation with the simulation part.
Cavity length is experimentally observed to be a factor
with a positive effect in the replication.

The fact that the shape of the polymer in the cross
shaped cavities is the same for both directions (perpen-
dicular and parallel to the flow) reinforces the two stages
simulation approach. Future work in the simulation will
be the expansion of the algorithm to the three dimensions,
this will provide us more know-how related to how the ge-
ometry effects the replication of the nanocavities.
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